Cryo-Electron Tomography (cryo-ET) has become an essential technique in revealing cellular 19 and macromolecular assembly structures in their native states. However, due to radiation 20 damage and the limited tilt range, cryo-ET suffers from low contrast and missing wedge 21 artifacts, which limits the tomograms to low resolution and hinders further biological 22 interpretation. In this study, we applied the Model-Based Iterative Reconstruction (MBIR) 23 method to obtain tomographic 3D reconstructions of experimental cryo-ET datasets and 24 demonstrated the advantages of MBIR in contrast improvement, missing wedge artifacts 25 reduction, and missing information restoration compared with other reconstruction approaches. 26
Introduction 30
Cryo-electron tomography (cryo-ET) has emerged as a promising technique that allows us to 31 comprehensively explore macromolecular complexes and cellular architecture in near-native 32 states 1 . Using cryo-ET, the 3D tomogram of the biological sample can be reconstructed from 33 a 2D tilt series collected by sequentially tilting the sample at different projection angles around 34 a tilt axis 2 . In practice, the quality of reconstruction with cryo-ET remains limited by several 35 6 left corners in XY-slice (circled by dash lines in Fig. 3b ) which is caused by the missing wedge 110 artifacts and should not appear here since gold markers are located in different Z sections of the 111 sample. In stark contrast, MBIR in Fig. 3b is able to drastically reduce the missing wedge 112 problem in XZ-slice and YZ-slice, completely suppress the gold marker phantoms in XY-slice 113 and considerably enhance the contrast of biological samples. In addition, MBIR provides better 114 quality of tomogram in other datasets of Fig. 3 , which is in a good agreement with the results 115 shown in Fig. 2 . In summary, the comparison of slice views among different methods in Fig. 3  116 and Fig. 2 gives a clear impression that MBIR has superior performance in boosting contrast of 117 biological specimens, eliminating halos and streaking artifacts, retaining sharp features, and 118 reducing noise. The superior performance of MBIR is evident in both cryo-ET ( Fig. 2 and Fig.  119 3a-c) and plastic-embedded ET (Fig. 3d) datasets. 120
121
Power spectra evaluation 122 To quantitatively evaluate MBIR's ability in restoring missing information, we calculated the 123 log-scaled power spectrum of the central XZ-slice and used it as a measurement of information 124 restoration in 3D reconstruction. As depicted in Fig. 4 , four plots of power spectra correspond 125 to the central XZ-slices of the tomograms reconstructed by the four methods shown in Fig. 2 . 126 It is noted that MBIR can fill more un-sampled region in Fourier space than other methods, not 127 only in the region of the missing wedge but also the empty space between two adjacent tilts, 128 suggesting better performance of MBIR in restoring missing information. It is worth noting that 129 the lines at the corners of BP (Fig. 4a) and SIRT ( Fig. 4b ) power spectra are due to the aliasing 130 issue. To check if such aliasing issues are unique to our results, we downloaded another four 131 3D tomograms from EMDB 12 , calculated their central XZ-slices power spectra, and plotted 132 them in Supplementary Fig. 1 . The results in Supplementary Fig. 1 suggest that this aliasing 133 issue is a general phenomenon in the cryo-ET field since it is observed in a variety of data, 134 including data from multiple research groups, varying TEM facilities and imaging conditions,
7
We next examined the central XZ-slice power spectra of the datasets displayed in Fig. 3 and 137 compared them in Supplementary Fig. 2 . In general, MBIR and ICON yield more non-zero 138 values in the missing wedge region than BP and SIRT, except for one challenging dataset 139 (Supplementary Fig. 2b) Cross validation of projections using the leave-one-out FRC method 147 We used the leave-one-out Fourier ring correlation (FRC) method 14 to explore the correctness 148 of the information restored by MBIR and compare it with the performance of other 149 reconstruction methods. In this test, the FRC is calculated for the raw tilt image and the 150 corresponding reprojection ̃− from a tomogram computed from all other tilts without tilt . 151 Here the tilde sign represents the reprojection from a tomogram, and the minus sign represents 152 the tomogram used for reprojection is calculated by omitting the tilt from the original tilt 153 series to avoid bias. We first excluded a raw image at a certain tilt angle and utilized the 154 remaining images of the tilt series to generate a tomogram. Next, we re-projected this tomogram 155 at the angle of tilt to obtain a reprojection ̃− . Finally, we calculated the FRC curve between 156 the excluded raw image and the reprojection ̃− , and used this FRC curve as a quantitative 157 evaluation of phase information recovery. As shown in Fig. 5a , the first row and the second 158 row are the raw images (the first image in each row) and the reprojections ̃− corresponding 159 to different reconstruction methods at a smaller tilt angle 0° and a larger tilt angle 45°, 160
respectively. The gold markers indicated by white arrows are zoomed in and placed at the lower 161 left corners of each images. It is evident that the gold marker in MBIR reprojection is circular8 even at a high tilt angle. In contrast, the gold markers in the reprojections of other methods 164 clearly suffer from missing wedge artifacts including elongation, white halos, and blurring. 165 Furthermore, such visual assessments are verified quantitatively by the FRC (Fig. 5b and c) of 166 the raw tilt images and reprojections shown in Fig. 5a . As shown in Fig. 5b and c, the quick 167 drop of BP (blue curve), SIRT (red curve) and ICON (green curve) FRC curves implies that 168 only low resolution information is reliably restored in the non-sampled angular regions. 169 However, the FRC curve of MBIR exhibits a significantly higher correlation between the 170 reprojection and the original tilt image, confirming the successful restoration of the missing 171
information. 172
To further substantiate the capability of MBIR in restoring missing information, we performed 173 the same analysis as described in Fig. 3d, Supplementary Fig. 4d ), which is consistent with 179 the results shown in Fig. 5a. Fig. 6 shows the FRC comparisons of different methods when 0° 180 (Fig. 6a, c , e, g) and 45° (Fig. 6b, d , f, h) tilts were excluded in the leave-one-out tests, reconstructed by the other three methods but not by MBIR for this cryo-ET dataset with VPP9 and Supplementary Fig. 4a 
Test datasets 236
We evaluated the performance of MBIR method on both plastic embedded ET dataset and cryo-237 71-76 (1996) . denotes the unknown structure, and ∅ denotes unknown nuisance parameters of the system (e.g. 308 noise characteristics) which needs to be determined in the inverse process. (. ) denotes the 309 probability density function and ( | , ∅) and ( ) are the forward model and prior model in 310 the MBIR algorithm, respectively. ̂ and ∅ denote the estimate of and ∅, respectively. 311 details are the same as described in Supplementary Fig. 3 The input data size is 400 pixels × 400 pixels × 61 tilts and the output tomogram size is 400 362 pixels × 400 pixels × 128 pixels. The CPU model is Intel(R) Core(TM) i7-6900K @ 3.20GHz. 363 The GPU model is NVIDIA GeForce GTX 1080. 364 
ET datasets by comparing its results with three reconstruction techniques used in the cryo-ET

Fig. 2. Comparison of tomograms from an experimental cryo-ET dataset (EMPIAR-
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